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This thesis explores the feasibility of using melanophore-based
biosensors from Oreochromis niloticus. Melanophores are one type of
pigmented cell of the scales and fins of fish that respond in a motile fashion to a
diverse range of stimuli. Fish scales were employed as the first step in
determining the utility of melanophores as biosensors. Responsiveness of
melanophores in scales was quantitated with several bioactive agents.
Experiments with depolarizing potassium ion, guanethidine, yohimbine (an
adrenergic antagonist), and capsaicin (a sensory stimulant) provided evidence
that melanophores are under nervous regulation.
Conditions were developed to allow simplification of intact scale
preparations, entailing epidermal removal and dennervation of scales. This
simplification resulted in increased sensitivity and responsiveness to a larger
array of bioactive agents, including a cyclic AMP analog. The simplified
preparation was successfully tested for its ability to function as a biosensor
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 BIOLOGICALLY INSPIRED BIOSENSORS FROM FISH CHROMATOPHORES
 
1. INTRODUCTION 
1.1 Introduction 
The world is three-quarters water and within these waters there are 
thousands of species of aquatic animals with multiple shapes and colors. 
Species in the class Osteichthyes provide excellent examples of these unique 
shapes and colors. Of particular interest is the coloration of fish which has been 
shown to be important in their survival and communication. 
Many fish species are known to be capable of changing their coloration in 
response to a wide variety of environmental stimuli. There are several reasons 
why this action is of benefit to the individual, such as camouflage, intraspecies 
communication, mating, and competition. The ability of fish to change their 
color in response to environmental stimuli makes them a naturally occurring 
biosensor. Biosensors can be cells or arrays of cells that respond to a variety of 
stimuli in a way that can be easily monitored. The specific aims of this thesis 
are: 
(1) Examine the feasibility of using pigmented cells from fish as 
biosensors 
(2) Characterize the responses of chromatophores to a wide variety of 
compounds 
(3) Simplify the system of the biosensor. 2 
1.2 Background 
1.2.1  The system 
1.2.1.1 Oreochromis niloticus as a model fish 
There are several reasons why Oreochromis niloticus or Nile tilapia, is a 
good choice of model system for this study. First, they are relatively easy to 
take care of and second, they have favorable physical attributes that make them 
a good choice for biosensor studies; large scales that can easily be isolated, 
numerous chromatophores on each scale, and each fish contains hundreds of 
scales. 
Nile tilapia are robust and will survive under many conditions. They also 
grow quickly, reaching a reasonable working size in only a few months. These 
are all desirable attributes that combine to create a fish that is easy to care for 
and demands little from the animal keeper in terms of time or money. 
In addition to the attributes above, the tilapia is a multicolored fish that is 
capable of undergoing color changes. The fish can change color from a very 
pale (almost white) to nearly black. These characteristics have led to their 
frequent use as research animals. 
1.2.1.2 Structural characteristics of scales 
The anatomy of the scale is complex. The systematically layered 
structure of scales can be used to determine the age of fish. Scales are formed 
by successive layering of bio-mineralized matrix to yield extremely flattened 3 
stacks, which, by age -10 months of the fish used in this study, are comprised of 
about 20 30 distinct layers. The view looking down on the scale, from a medial 
vantage point, reveals a focus surrounded by regular concentric and parallel 
circles termed circuli (Figure 1.1). 
Most importantly for scales to be used as biosensors, they are excised 
with an attached skin fragment containing hundreds of melanophores. Skin 
melanophores reside beneath the skin basement membrane. Above this 
basement is an epidermal layer, which together with the melanophores is torn 
away from the fishes body upon removal of the scale from the fish. Epidermal 
removal is described in detail in this thesis and allows better access of stimuli to 
melanophores. 
Scales also contain capillaries, which are visible with low magnification, 
that supply blood to the scales. In addition, scales are innervated with 
sympathetic neurons. Thus, given the complexity and numerous cell types 
making up the scale, there is a possibility for interference with nervous elements 
in this system as well as cell-cell interactions which could add to the internal 
signal processing taking place when scales are employed as biosensors. 
1.2.1.3 Fish fins 
Fish also have melanophores in their fins. The fins were used here as a 
source of melanophores in tissue digestion studies since fins contain large 
numbers of melanophores at a higher density then in scales. Also, 4 
Figure 1.1: Diagram of a scale isolated from the fish Oreochromis niloticus 5 
Diagram of a Tilapia Scale 
melanophores 
Figure 1.1 6 
melanophores of fins tend to be easier to isolate because they are not 
embedded in the calcium phosphate matrix of the scale. 
1.2.1.4 Fish coloration 
There are at least five classes of chromatophores; iridophores (light 
reflecting cells that can be blue, green, yellow, red, or any number of reflected 
colors), xanthophores (yellow cells), leucophores (white cells), erythrophores 
(red cells), and melanophores (brown or black cells). Occasionally, two or more 
of these colored pigments can be found in the same cell, but for the most part, 
one pigment type is generally found per cell (Fujii, 1993). Working in concert, 
the chromatophores give a fish its macroscopically perceived color. This thesis 
exclusively used melanophores as model biosensors based on the simplicity of 
monitoring changes in melanophore shape due to their dark color and large size. 
However, other types of chromatophores might similarly be useful as 
biosensors. 
1.2.1.5 Melanophores 
Melanophores, black pigmented chromatophores, are one of the largest 
cells present on the scale and fin of the Nile tilapia. They are dendritic in shape 
and are known to respond in a mobile fashion to several diverse stimuli (Fujii et 
al., 1986). The range of responses is dependent on what the stimulus is and the 
particular concentration of the stimulus that is applied. The pigment contained 
within the melanophores is the highly polymerized compound, melanin. The 7 
melanin is aggregated within membrane-bound organelles referred to as 
melanosomes. These melanosomes are located in the cytoplasm of the cell and 
are mobile. The melanosomes move along microtubule tracts, carried by the 
motor proteins dynein and kinesin (Oshima et al., 1990, Fujii, 1993).  It is the 
mobility of the pigment within the melanophores in response to stimuli, that 
makes them desirable as bio-indicators. 
1.2.1.6 Nervous and endocrine regulation of melanophores 
Pigment movement in melanophores ultimately changes the overall color 
of the fish. At the extremes, melanosome pigment can be found in the center of 
the cell (aggregated) or throughout the cell (dispersed) (Obika, 1986). In the 
aggregated state, the fish is lighter in color and when melanosomes are 
dispersed the fish appears darker. Many of the chromatophores are flat 
dendritic cells and when the pigment is in the dispersed position, the fine 
dendritic arms of the cell become visible. These dendritic arms generally run 
parallel to the surface of the scale or skin. The movement of pigment within the 
chromatophore is controlled by both hormonal and neuronal mechanisms. 
Melanophores can be manipulated indirectly by stimulating the nerves 
found within the skin tissues. For example, the aggregation response is induced 
when skin is exposed to elevated potassium ion, presumably due  to release of 
endogenous stores of a neurotransmitter from nerve endings (Kumazawa and 
Fujii, 1984). In support of this model, electron microscopy of some fish scales 
has shown that unmyelinated axons surround the melanophores, with some 8 
even forming connections with them (Yamada et al., 1984, Miyata and Yamada. 
1985, Svensson et al., 1989). When nerves are stimulated, ATP might also be 
liberated with norepinephrine helping melanophores recover from the 
aggregation response of norepinephrine (Kumazawa et al., 1984). 
Melanophores are also controlled by hormonal mechanisms. Melanin 
stimulating hormone (MSH), which is released from the pituitary,  causes 
darkening in most fish. Another hormone responsible for color changes of fish is 
melanin concentrating hormone (MCH). MCH, which causes aggregation of 
melanophores, works in an antagonistic fashion to MSH which causes an overall 
darkening of the fish by dispersion of the chromatophores (Iga and Takabatake, 
1982). Melatonin is another hormone that is responsible for altering the 
coloration of fish.  It is released from the pineal gland in response to varying 
amounts of light. Melatonin acts directly on the cells of teleosts and alters the 
color of the fish by making it darker in the day (lower levels of melatonin) or 
lighter at night (higher levels of melatonin) (Gem et al., 1978, Fujii et al., 1992). 
1.2.2 Attributes of a biosensor based on fish chromatophores 
1.2.2.1 Detection of bioactive agents 
Melanophore-based biosensors are a promising system because signal 
detection involves simple light magnification. Ideally, a bioactive agent should 
provoke a response from cells.  In the case of melanophores this response 
would be the migration of pigment, which is easily observed with the aid of a 9 
microscope and can subsequently be recorded and analyzed. Once the 
repertoire of chemical agents and their effects on melanophores has been 
established, applying these cells to monitor man-made or naturally occurring 
bioactive agents should be within reach. 
Chromatophores have already been employed as biosensors. They have 
been used to detect catecholamines in the medical diagnosis of pertussis toxin 
that is associated with whooping cough (Karisson et al., 1991). In addition, 
chromatophores have been used to monitor catecholamine levels in human 
blood plasma (Elwing et al., 1990). 
1.2.2.2 Detection of chemical stimuli from other cell types 
Chromatophores may also be useful in detecting responses from other 
cell types. In some cases, chromatophores are insensitive to chemical stimuli, 
so an effective system might include a second, sensitive cell type functionally 
coupled to the chromatophores. A possible scenario would be to co-culture 
neuronal cells with chromatophores. Various stimuli that do not have a direct 
effect on the chromatophores, but do evoke a response in the neural cells, could 
be tested.  If the chromatophores then respond to the added agent in the 
presence of the neuronal cells it can be inferred that the response is due to the 
connection between the chromatophores and the neuronal cells. This 
arrangement borrows from the physiological arrangement of nerves regulating 
chromatophores and the dual cell response can only increase the range of 10 
activities that are detectable by the chromatophores, making them a more 
versatile tool in the detection of bioactive agents. 
1.3 Conclusion 
This chapter has outlined the parameters needed in a biosensor system 
and has described why Oreochromis niloticus will be used as a model fish for the 
study of fish scales as biosensors. The subsequent chapters present results 
concerning the mechanism of how melanophores are regulated and describe 
methods of how to simplify this system so that it is easier to work with. 11 
2. THE INTACT TISSUE: THE SCALE 
2.1 Introduction 
Freshly isolated intact scales were chosen as the model system in initial 
studies of the response of melanophores to various compounds. There are 
many advantages of using scales in the study of biosensors. The rigid matrix of 
the scale is easy to handle and protects the melanophores from injury, helping to 
promote the longevity of melanophores. Indeed, the melanophores housed 
within the scale can survive for several days and still maintain their mobile 
activity. Each fish possesses hundreds of scales which are distributed over 
most of their body and are easily accessible. Also, scales represent a major 
simplification from using the entire fish as tools for biosensor studies. 
In this chapter, six major facets of melanophore responsiveness in the 
freshly isolated intact scale are characterized: 
(1) Nervous system regulation of chromatophores 
(2) Chromatophore survivability 
(3) Endocrine system regulation 
(4) Integration of multiple regulatory systems 
(5) Cellular interactions of the scale 
(6) Presence of sensory nerves. 12 
2.2 Materials and Methods 
2.2.1 Scale removal 
Tilapia were obtained from Carl Schreck's laboratory in Fisheries and 
Wildlife at Oregon State University. Nile tilapia were removed from their holding 
tank with a net and placed onto a tray. Once out of water, the fish generally 
remained motionless giving the opportunity to easily remove scales. Scales 
were removed with a pair of stainless steel, fine-tipped forceps by gently pulling 
the scale anteriorly away from the fish's body. Scales with a suitable abundance 
of melanophores were obtained from the area dorsal to the lateral line on both 
sides of the fish. Regenerated scales were not used. A regenerated scale is a 
scale that has grown in the place of a removed or lost scale and has different 
structural features then a native scale. 
2.2.2 Visualization of scales and chromatophores 
Scales and isolated cells were studied by light microscopy. For low 
magnifications a microfiche reader or dissecting microscope was used. For 
higher magnifications, an inverted microscope at the appropriate magnification 
for the detail necessary was utilized. Video images were collected by a color 
CCD camera attached to either a video cassette recorder or a frame grabber 
attached to a computer. To change the bathing solution in an experiment, while 
keeping the scale positioned, a buffer exchange system (BES) was employed. 
The BES apparatus was constructed as follows: methyl ethyl ketone was used 13 
as a glue to adhere a small ring of a 25 ml polystyrene pipette to a 60 mm 
polystyrene petri dish. This receptacle held approximately 300-500 µL of liquid 
as well as an intact fish scale. (Figure 2.1) The fish scale was anchored in place 
by the use of a pair of forceps that were bent to an angle that allowed them to 
rest on the outer edge of the petri dish in addition to being clamped down on to 
the edge of the scale that did not contain melanophores. With the scale held in 
place, two lines of polyethylene tubing (I.D. 0.76 mm, O.D. 1.22 mm) were 
mounted so that the ends were resting inside the small receptacle housing the 
anchored scale. Two 10 cc syringes were attached to the opposite ends of the 
tubing (one filled with buffer, the other used as a waste receptacle). 
2.2.3 Quantification of melanophore activity 
The state of pigment in melanophores has often been categorized into 
one of five subjective stages, with 1 being completely aggregated and 5 being 
completely dispersed (Fingerman, 1963 and Karlsson et al., 1991). In this work 
we defined a somewhat different five stage index which permitted objective 
quantitation on a normalized numerical scale. Here, pigment which was fully 
dispersed over the width of a cell was given an index of 1.0 and increasing 
degrees of aggregation caused the index to decrease in steps of 0.2 (1.0, 0.8, 
0.6, 0.4, 0.2).  Full aggregation was considered to have an index of 0.2 since 
the pigment area never reaches zero. The measurements were objectively 
made with the aid of calibration gridworks of known dimension that were overlaid 14 
Figure 2.1: Diagrammatic representation of the buffer exchange system (BES) 15 
<-1 0 c c syringes
scale receptacle  (waste/buffer)
scale 
60 mm petri dish > 
polyethylene tubing forceps> 
Figure 2.1 16 
on top of visual images of scales. For example, at the magnification produced 
by a microfiche reader a typical fully dispersed tilapia melanophore, defined 
ashaving an index of 1.0, had a measured pigment width of 1.0 mm on the 
calibrated grid. Upon complete aggregation, giving an index of 0.2, the width of 
the grid was 0.2 mm. In a tissue field that generally contains 100-150 
melanophores the percentage of melanophores at each stage (1.0  0.2) was 
visually determined. The percentage of melanophores at each stage was then 
converted into a number termed the chromatic index by the following equation: 
Chromatic Index =E [ % chromatophores x stage] 
In practice, the chromatic index ranges from 0.2 (where all cells seen are 
aggregated) to 1.0 (where all cells seen are dispersed). The chromatic index 
never equals zero because even when the melanophores on a scale were 
completely aggregated the pigment containing area is greater than zero. 
2.2.4 Pharmacological studies using scales 
Scales were removed from living fish as previously described and placed 
into physiological saline solution (PSS) : 128 mM NaCI, 2.7 mM KCI, 1.8 mM 
CaCl2, 1.8 mM MgC12, 5.6 mM Glucose, 10 mM Tris-HCI, pH 7.2, and 100 
units/mL penicillin and 100 pg/mL streptomycin. The scales were then either 
placed into a buffer exchange system (BES), or into a 24 well polystyrene dish 
(each well had a diameter of 18 mm and housed a single scale). 
In a typical experiment, four scales were plucked ten minutes before 
initiating exposure to an agent. A pair of scales were "clamped" with 0.1 Al 17 
norepinephrine (an aggregating agent) and allowed to aggregate before 
beginning the experiment. The other pair of scales were studied without being 
clamped into the aggregated state. Only one of each pair of scales was 
exposed to a given agent with the other scale of the pair serving as a control. 
2.3 Results 
2.3.1 Nervous system regulation of chromatophores 
2.3.1.1 Chromatophore changes in the absence ofany stimulus 
To begin studying nervous system effects, scales were mounted under a 
microscope immediately after plucking to establish the baseline of events in the 
absence of any external stimulus. Within ten minutes of plucking (the amount of 
time to mount a scale) scales exhibited an overall chromatic index of greater 
then 0.85, meaning that the melanophores were in a highly dispersed state. 
With continued observation for three hours, essentially no changes were 
apparent in the state of the dispersed pigment in the melanophores. Then, at 
three hours (plus or minus ten minutes) a major change took place. At this time 
the melanophores began to aggregate with no external stimulus having been 
applied. This previously unreported phenomenon will be referred to as 
spontaneous aggregation (SA). 
After the melanophores spontaneously aggregated to 0.2  on the 
chromatic index, they spontaneously returned to their dispersed state (0.8 - 1.0 
on the chromatic index) approximately eight hours after they were initially 18 
plucked. Once the cycle of spontaneous aggregation and spontaneous 
dispersion was complete the melanophores remained in the dispersed state, for 
at least a week, and did not undergo further aggregation without the addition of 
externally applied stimuli. 
2.3.1.2 Mechanism of spontaneous aggregation 
As will be described in a later section, spontaneous aggregation was 
found not to be the result of a loss of melanophore viability during in vitro 
monitoring. Instead, a more attractive hypothesis for how spontaneous 
aggregation occurred in freshly plucked scales was that an endogenous 
aggregating agent was released within the scale. Because it was known that the 
scales were innervated and contained adrenergic receptors (Kumazawa et al., 
1984, Schleine, 1963, Svensson et al., 1989, Fujii and Miyashita, 1975, 
Morishita, 1987), we tested the possibility that nerve endings might release 
endogenous stores of a neurotransmitter and trigger spontaneous aggregation. 
The first such test entailed the application of a pharmacological 
antagonist of the a-adrenergic receptor, yohimbine, to determine whether this 
agent blocked SA. Scales were mounted after being plucked and allowed to 
initiate spontaneous aggregation. When aggregation began, 1µM yohimbine 
was added to the scale. The melanophores immediately responded to the 
addition of the antagonist by dispersing to 1.0 on the chromatic index. Also, 1 
jAM yohimbine was added to freshly isolated scales before the onset of 
spontaneous aggregation. The melanophores were then monitored for SA. 19 
After five hours, the cells remained in the dispersed state (1.0 on the chromatic 
index). 
2.3.1.3 Can high I<+ pretreatment prevent SA from occurring? 
As a further test of whether nerve endings within scales are the source of 
endogenous norepinephrine, depolarizing potassium ion was added to the 
media prior to spontaneous aggregation in an attempt to deplete the stores 
endogenous neurotransmitter. This approach was possible since, high levels of 
potassium ion are known to depolarize nerve endings and trigger a release of 
endogenous neurotransmitters in scales (Fujii and Nova les, 1969). 
Figure 2.2 shows the response of the cells after being pretreated with 
high potassium for one hour (50 mM potassium: sodium chloride was removed 
by an equivalent amount to ensure that the tonicity of the solution remained the 
same). The presence of the elevated potassium level induced the 
melanophores to aggregate and remain so for the full hour, until they were 
immersed into physiological saline solution (PSS) that contained normal levels of 
potassium. Once in PSS the cells returned to a dispersed state. With continued 
incubation in non-depolarizing PSS it was found that scales that were pretreated 
behaved identically to the control scale that was never exposed to depolarizing 
potassium ion. The melanophores in both the potassium ion pretreated scales 
and the untreated control scale went through spontaneous aggregation at the 
same time. Thus, pretreatment of scales with high potassium did not alter the 
onset time of spontaneous aggregation. This result argues that endogenous 20 
Figure 2.2: Elevated potassium ion pretreatment of freshly isolated intact 
scales: Four scales were plucked from the same fish and placed directly into 
physiologic saline solution that contained elevated levels of potassium (50 mM). 
They were incubated at room temperature for one hour and then placed into 
PSS with normal levels of potassium (2.7 mM). A fifth scale, a control, was 
plucked at the same time as the treated scales and allowed to incubate in PSS 
that contained normal levels of potassium. The scales were then monitored at 
various time intervals to determine the percent of cells that were at each stage 
(1.0, 0.8, 0.6, 0.4, 0.2). These values were converted to the chromatic index. 21 
1.2 
x 
a) 
D 
1.0 
0.8 
0.6 
0.4 
0 Scale 1 
IP Scale 2 
13 Scale 3 
Scale 4 
A.-- Control 
0.2 
0.0 
1.0  2 . 0  3.0  4.0  5.0 
Time (hrs) 
Figure 2.2 22 
stores of the aggregating neurotransmitter are not appreciably depleted by a one 
hour pretreatment with elevated levels of potassium ion, though other 
interpretations are possible. One such interpretation is that transmitter synthesis 
and/or a re-uptake mechanism for norepinephrine into nerve endings, maintains 
releasable stores at levels high enough to cause melanophore aggregation 
during prolonged periods of depolarization. Indeed related tests found that 
melanophores remain aggregated in elevated potassium ion for at least 24 hours 
(data not shown) 
2.3.1.4 Nerve endings responsible for spontaneous aggregation 
2.3.1.4.1 Sympathetic 
As another test of the hypothesis, tests were made of freshly isolated 
intact scales with the prediction that blocking sympathetic nerve function would 
prevent spontaneous aggregation.  Guanethidine, which blocks sympathetic 
function both by inhibiting the action potential and by replacing norepinephrine 
via the re-uptake mechanism (Oates, 1996), did not have an immediate effect 
on chromatophores of the scale. 100 giM and liAM concentrations of 
guanethidine were tested on scales that had been freshly plucked (Figure 2.3). 
Guanethidine at both concentrations inhibited the spontaneous aggregation 
event. The inhibition was most effective at a concentration of 100 p,M. At 1 pM, 
spontaneous aggregation was prevented at its usual onset time of three hours, 
though the melanophores ultimately went through SA, beginning at about five 
hours. This inhibition of spontaneous aggregation by guanethidine supports the 23 
Figure 2.3: Effects of quanethidine on a freshly isolated intact scale Scales 
were plucked into physiological saline solution and then were treated with 0.1 
mM or  1 11M guanethidine. The scales were monitored with time for changes in 
cell shape. The chromatic index was calculated. 24 
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idea that sympathetic nerves are responsible for the release of norepinephrine 
from nerve endings. 
2.3.1.4.2 Sensory 
Scales were also treated with 100 gM capsaicin, which inhibits and 
desensitizes sensory nerves (Holzer, 1991), a subset of nerve endings (Figure 
2.4). The addition of capsaicin prevented spontaneous aggregation from 
occurring in freshly plucked scales. As with guanethidine, there were no 
immediate effects from treatment with capsaicin, but when cells were monitored 
for six to seven hours, an inhibition of spontaneous aggregation was seen. 
Skinned scales or isolated chromatophores (both described in the following 
chapters) did not show any visible response to capsaicin. So, even though high 
potassium media did not deplete the stores of the endogenous stores of the 
neurotransmitter, spontaneous aggregation was retarded by capsaicin and 
guanethidine, supporting the premise that nerve endings are responsible for this 
effect. Further characterization of sensory nerve endings is described in a 
subsection below. 
2.3.2 Chromatophore survivability :  Is spontaneous aggregation due to 
chromatophore loss of viability in an excised tissue? 
2.3.2.1 Media requirements for chromatophore longevity 
It is well known that excised tissues are subject to deterioration and so it 
is possible that spontaneous aggregation is related to events accompanying 
tissue deterioration. The following experiments were designed to learn about 26 
Figure 2.4: Effects of capsaicin on freshly isolated intact scales Scales were 
plucked and placed into physiological saline solution. They were then treated 
with 100 ptM Capsaicin. The scales were monitored for change in cell shape 
with time, and values were calculated as chromatic index and plotted. 27 
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the viability of melanophores themselves in the excised tissue. Melanophore 
viability was judged on the basis of appearance (see below) as well as on their 
responsiveness to an aggregating stimulus, norepinephrine. Two media were 
found to maintain the viability of melanophores for at least five days. These 
were (1) Complete medium (CM): RPM! 1640 (Gibco BRL) cell growth medium 
supplemented with glutamine (2 mM), Hepes (20 mM), and 100 units/mL 
penicillin and 100 gg/mL streptomycin  and (2) physiological saline solution , 
(PSS) which as described above is a balanced salt solution containing no amino 
acids or vitamins  .  With the use of either media, chromatophores on the scale 
were responsive to norepinephrine after five days of incubation. Though scales 
generally did not become contaminated with bacterial growth, loss of sterility was 
a sporadic problem which was largely eliminated by inclusion of penicillin and 
streptomycin in the media. 
2.3.2.2 Visual appearance of non-viable melanophores 
The visual appearance of non-viable melanophores was determined 
through several means. To confirm lack of viability, the functional state of the 
melanophores was checked by addition of excess norepinephrine (100 0.4), 
which caused rapid and complete aggregation in fully functional melanophores. 
Application of temperature extremes was one approach to produce non-viable 
melanophores. When treated with cold (0° C) for 60 minutes the cells looked 
similar to those not treated and the addition of norepinephrine indicated full 29 
functionality, but longer treatments at 4°C (1 day) caused cells to swell and lose 
responsiveness to norepinephrine. 
Loss of viability was also produced by briefly placing scales in 45° or 
60° C water baths. Within thirty minutes the heat caused the melanophores to 
segment their pigment which entailed the migration of some pigment to the 
center of the melanophore, but there were also segmented trails of r throughout 
the dendritic processes. With the addition of 100 [1M norepinephrine no pigment 
aggregation occurred. 
Cell viability was also lost by allowing the scales to dehydrate overnight. 
After 24 hours, cells were rehydrated for 10 minutes in CM. Though by visual 
assay the melanophores appeared to be normal and fully dispersed, there was 
no responsiveness of melanophores to 10 tiM norepinephrine. 
Sodium azide, a respiration inhibitor, was also used to study the 
appearance of non-viable melanophores.  Freshly isolated intact scales were 
added to 0.02% (w/v) sodium azide in PBS and incubated at room temperature. 
After six hours, the melanophores were in disarray compared to those in scales 
which had not been exposed to sodium azide which were mostly dispersed: 
about 15% of the , melanophores were aggregated (0.2 on the chromatic index)  , 
about 15% were dispersed (1.0 on the chromatic index), and the remainder were 
in between stages (0.3-0.9 on the chromatic index). The overall chromatic 
index was approximately 0.5. There was no response in terms of pigment in 
melanophores when norepinephrine was added to these azide poisoned scales. 30 
Based on these experiments, it was clear that melanophores on freshly 
isolated intact scales were viable, in physiological media, for many days beyond 
the transition period at which spontaneous aggregation was observed.  It was 
therefore unlikely that SA was due to the death and dysfunction of the 
melanophores on the scale. 
2.3.3 Biosensors exploiting the receptor regulation of chromatophore activity 
2.3.3.1 Adrenenergic receptor regulating chromatophore activity 
Experiments were conducted with various known agents which target 
adrenergic receptors to determine their effects on chromatophores and to test 
whether chromatophore changes can effectively report the presence of agents 
acting at these receptors. Previous work (Karlsson et al., 1991 and Fujii et al., 
1986) and the present work has shown that norepinephrine can be detected via 
plasma membrane adrenergic receptors. Tests were therefore conducted with 
several agents that would be expected to promote a pigment response in 
melanophores by the agent's action at the adrenergic receptor and competing 
receptors. Several antagonists of the adrenergic receptor were added to freshly 
isolated intact scales to inhibit the norepinephrine  induced aggregation 
response. Yohimbine and phentolamine were both found to inhibit migration of 
pigment in melanophores that was induced by simultaneously adding 1 IINA 
norepinephrine. Adenosine (10011M), which acts though a competing receptor, 
also caused the chromatophores to disperse when pretreated with 1 11,M 31 
norepinephrine. Reactivity of chromatophores to known agonists and 
antagonists of membrane - bound receptors supports the idea that this system 
and its multiple receptors can be exploited in detecting bioactive agents. The 
following sections describe variations on this theme in which the timing of the 
chromatophore response is the parameter on which the sensor is based (next 
section) and in which multiple competing stimuli are sensed (Section 2.3.4) 
2.3.3.2 Response latency dependent on the applied concentration of an 
agent 
The response latency is defined here as the time it takes for an added 
agent to produce a detectable change in melanophores. A concentration 
dependent response latency for certain stimuli was observed throughout these 
studies. For example, in a dilution series of norepinephrine, the response 
latency varied from 15 minutes at 100 µM norepinephrine to 170 minutes at 10 
nM norepinephrine (Figure 2.5).  In this experiment with freshly isolated intact 
scales all concentrations were effective in promoting the cells to aggregate, but 
the latency measured at the lowest dilution of 10 nM norepinephrine (170 min.) 
was only slightly shorter than the onset time of spontaneous aggregation seen in 
the absence of exogenously added norepinephrine (175 min.). Thus, the 
response latency seen with 10 nM applied norepinephrine was comparable to 
the effect that is seen with spontaneous aggregation. 32 
Figure 2.5: Response latency of norepinephrine on freshly isolated intact scales 
Scales were plucked from a fish and placed into physiological saline solution. 
They were then treated with varying concentrations of norepinephrine (from 100 
p,M to 10 nM). The scales were monitored at various time intervals and data  on 
cell size was collected. These values were converted into the chromatic index. 33 
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2.3.4 Integration of multiple regulatory systems 
2.3.4.1 Melanophore changes occurring when two competing stimuli are 
added simultaneously 
Simultaneous additions of stimuli that acted through different receptor 
types as well as having opposing actions to the direction of pigment migration 
were explored. The results obtained were extremely concentration dependent. 
Norepinephrine behaved as a strong aggregant since it could out-compete 
simultaneously added equivalent concentrations of a dispersant such as 
adenosine. Indeed, 100 p.M adenosine was necessary to counter the effects of 
1 JIM norepinephrine. 
2.3.4.2 Can migration of pigment be reversed before aggregation or 
dispersion is completed 
It was generally observed that the melanosomes contained within the 
melanophores would migrate in the manner dictated by a given stimulus, and 
then remain in that state until the stimulus was reversed, or until another 
chemical with opposing action was added. Typically, in mixed stimuli 
experiments, the pigment finished its migration before the effects of a second 
opposing stimulus became apparent. To determine whether it is ever possible 
for migrating pigment to reverse directions midway, a series of tests were 
performed in which aggregating norepinephrine was added for a short period of 
time followed by an exchange of medium and exposure to dispersing adenosine. 
The following reproducible condition was found to half aggregate pigment to 
approximately 0.5 on the chromatic index and reverse migration back to the fully 35 
dispersed condition of 1. 0 on the chromatic index: a scale was set up in BES 
under the microfiche reader and 1 1.1M norepinephrine was added. One minute 
passed, the scale was rinsed three times with SM and then 100 µM adenosine 
was applied. The pigment dispersed before complete aggregation had occurred. 
The scale was then washed with simple medium and 1µM norepinephrine was 
again added to see if complete aggregation was seen with the chromatophores 
on this scale. The pigment in the field of approximately 100 melanophores 
aggregated to 0.2 on the chromatic index. The scale was washed once more 
and 0.5 mg/mL of MS222 was added to disperse the cellular pigment so that the 
complete dispersed state of the pigment could be determined. This experiment 
was successful in showing that the aggregation of pigment can be stopped 
before it reaches completion and it can also be reversed back to the dispersed 
state. 
2.3.4.3 Integration of temporally distinct stimuli 
Several experiments involved repetitive stimulation of the same scale. 
We were interested in testing for response regulation when melanophores were 
repetitively stimulated by the same agents. In one study, melanophores in a 
freshly isolated intact scale were aggregated to 0.2 on the chromatic index by 
elevated potassium ion levels. The melanophores were then dispersed to 1.0 
on the chromatic index by replacing the elevated potassium media with PSS that 
contained normal potassium levels. This regimen was repeated three times. 
The response latency for each potassium ion stimulation did not change from the 36 
first stimulation to the last stimulation, showing that melanophores did not build a 
tolerance to the multiple exposures. Repetitive stimulations with 1 1.1M 
norepinephrine and 100 µM adenosine (with washing between additions) also 
resulted in several rounds of pigment movement without a change in the 
response latency. 
2.3.5 Evidence for melanophore coupling: Pigment quivering 
A phenomenon termed here "pigment quivering", offers evidence for 
tightly correlated and hence possible coupled activities of neighboring 
melanophores. Pigment quivering is defined as the rapid oscillation (period on 
the order of seconds) of pigment that occurs in the tips towards and away from 
dendrites of melanophores. Quivering was reproducibly observed when two 
competing stimuli were delivered to a scale. For example, quivering was 
observed when a scale that had been previously aggregated with 
norepinephrine (1 RM) was rinsed and 100 laNA adenosine added. Movement of 
pigment in the tips of the dendrites were out of sync with respect to the overall 
direction of pigment migration (Figure 2.6). 
During experiments in which scales were stimulated, it became obvious 
that neighboring melanophores on the scale were exhibiting pigment movement 
in unison. Scale melanophores treated first with norepinephrine, and then with 
adenosine or yohimbine, exhibited aggregation under norepinephrine followed 
by dispersion under the second stimulus. In the midst of the dispersal quivering 
took place among the individual dendritic processes, and the phases of 37 
Figure 2.6: Schematic diagram of pigment quivering in melanophore dendrites: 
Under conditions that cause gross reversal from pigment aggregation to pigment 
dispersion there is a period of several minutes in which the pigment oscillates 
(disperse/aggregate, disperse/aggregate) in most dendrites of scale 
melanophores. In this schematic, the arrows indicate the direction of pigment 
movement at any instant in time in the individual dendrites. The phase of 
oscillations of pigment movement in one arm of the cell is not correlated with the 
other arms. 38 
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quivering in individual dendrites were uncorrelated most of the time. However, 
these uncorrelated movements were interrupted by occasional correlated 
movements in which all of the dendrites behaved the same (Figure 2.7). 
Interestingly, these occasional correlations extended to neighboring cells so that 
a field of cells exhibited a uniform pulse. Such uniform pulsations usually 
appeared as a distinct momentary aggregation of pigment toward the cell center 
among a field of 2 to 4 neighboring melanophores. After the uniform pulse, 
asynchronous quivering resumed as pigment continued its net migration toward 
the cell periphery to the stage of 1.0 on the chromatic index. Quivering 
interrupted by uniform pulsation suggests that some unknown signal possibly 
within the cells produces a shared local effect over small groups of cells. 
Possible mechanisms which remain to be investigated, include coupling of 
melanophores via gap junctions, or simultaneous stimulation of neighboring cells 
by a widely branching nerve ending. 
2.3.6 Sensory nerves in freshly isolated intact scales 
Previously in this chapter, results with high potassium stimulation were 
described as evidence in support of innervation in Nile tilapia scales, and 
adrenergic antagonists support the hypothesis that the innervation is largely 
sympathetic. However, this does not preclude the possibility that other types of 
innervation is present. Indeed, the activity of capsaicin in inhibiting the onset of 
spontaneous aggregation (Section 2.3.1) suggested an involvement of sensory 40 
Figure 2.7: Pulsation between neiahborinq melanophores on a scale: Cell #1 
and Cell #2 are both undergoing quivering in their individual dendrites. 
However, at the same time, both cells uniformly pulsate, withdrawing their 
pigment back towards 0.2 on the chromatic index. The pigment then proceeds 
outward again and the quivering resumes. Q
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nerve elements in regulating melanophores. Capsaicin is a well-known vanilloid 
agonist which can cause desensitization of sensory nerves. 
Further investigation of the effects of capsaicin on scale melanophores 
revealed a previously unreported effect on pigment movement. The addition of 
1001.1.M capsaicin not only inhibited spontaneous aggregation, but also created a 
hollowing of the pigment from the center of the melanophore (Figure 2.8). 
95-100 percent of the cells that were treated with 100 µM capsaicin underwent 
the hollowing effect after being treated overnight. 
The distal movement of pigment away from the cell center vaguely 
resembled the evacuation of pigment from the central zone that is often seen in 
swollen and lysed melanophores (though capsaicin treatment does not cause 
swelling and lysis). To determine whether capsaicin-treatment causes loss of 
viability, cells that were treated with 100 RM capsaicin and were thus hollow, 
were exposed to 1 i_tA4 norepinephrine (Figure 2.9). When the cells came in 
contact with the added norepinephrine they responded by aggregating to 0.2 on 
the chromatic index, filling the area that was previously hollowed and 
unoccupied by pigment. 
Capsaicin, thus, did not prevent a normal response to norepinephrine 
indicating that the melanophores had remained viable in the hollowed state. 
Further work is needed to establish the mechanism of capsaicin's effect, but this 
unique mode of pigment movement supports the possibility of a specialized 43 
Figure 2.8: Hole formation of melanophores in freshly isolated intact scales 
Scales were plucked and placed into physiological saline solution. They were 
then treated with 100 µM capsaicin and monitored at various time intervals for 
hole formation and to determine the percent of cells that were at each stage (1.0, 
0.8, 0.6, 0.4, 0.2). These values were subsequently converted to the chromatic 
index. 44 
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Figure 2.9: Reversal of holes by treatment with norepinephrine Scales were 
plucked into physiological saline solution and then treated with 100 µM 
capsaicin. The scales were monitored for change in cell size with time and were 
subsequently converted to the chromatic index. After hole formation and 
inhibition of spontaneous aggregation occurred 1µM norepinephrine was added 
to a capsaicin treated scale. 46 
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participation of sensory nerve elements in governing the manner of pigment 
migration. 
2.4 Discussion 
The studies in this chapter have shown that by using a simplified system 
of melanophores residing within a scale, a wide variety of responses to 
variousstimuli can be observed. Evidence for the participation of nervous and 
receptor regulation of optically observable cell functions in an excised scale was 
presented. 
Fish scales have been determined to be innervated. Not only did 
visualization with electron microscopy show the presence of nerves in the tissue 
of the scale (Yamada, 1984, Miyata and Yamada, 1985), but also studies 
utilizing elevated potassium ion stimulus demonstrate that fish scales are 
innervated (Fujii and Nova les, 1969). 
These studies have repeated this work showing that high potassium 
stimulus causes scale melanophores to aggregate. When the elevated 
potassium ion medium was replaced with normal levels of potassium in the 
media, the cells returned to a dispersed state, as expected for reversal of 
sympathetic neurosecretion. There are many known inhibitors of the high 
potassium response as well as to norepinephrine pretreatment; yohimbine, 
adenosine, and imipramine, for example. These inhibitors have common, the 
ability to inhibit the function of the sympathetic nervous system Thus, it is by 
now well-established that scales are innervated with sympathetic nerves that can 48 
be stimulated to release an endogenous neurotransmitter by the addition of 
potassium. 
As shown here, melanophores found on freshly isolated intact scales 
undergo a process of "spontaneous aggregation" that is not merely the result of 
the deterioration of the melanophores, as these cells remain viable for several 
days after the scale is removed from the fish's body. 
This chapter also showed that spontaneous aggregation is a useful tool 
for monitoring the effects of agents that do not have an immediate effect on the 
pigment migration of melanophores. Capsaicin and guanethidine are two 
examples of such agents that inhibited the spontaneous aggregation event by 
preventing the leaking of the endogenous neurotransmitter. 
The scale is a highly complex system that has many interrelated parts 
interacting with one another, as shown by spontaneous aggregation, quivering, 
and the uniform pulsation between neighboring melanophores. The uniform 
pulsation lends itself to the idea that cell-cell interaction was occurring between 
neighboring melanophores or other components of the scale. 
Scales are innervated with sympathetic nerves and now there is evidence 
for the presence of sensory nerves because of the response of the 
melanophores to capsaicin. The presence of sensory nerves in the scale 
suggest that fish have the ability to experience sensations in the scale. 
Capsaicin treatment also resulted in the formation of holes in the middle 
of melanophores. The pigment in the chromatophores is capable of being 49 
aggregated or dispersed, but the absence of pigment in the center of the cells 
may be another mode, that the pigment cell is designed to attain for 
physiological purposes. Chromatophores in fish have been observed to be 
laying on top of one another and we have observed complexes of melanophores 
on fish scales of the tilapia. Thus, emptying of the pigment from the center of 
melanophores, causing a hole, may be a way for the fish to change its hue by 
exposing an underlying chromatophore of a different type (i.e. iridophore, 
erythrophore, or xanthophore). The ability of the fish to vacate pigment from the 
center of one chromatophore to fully expose pigment of a second underlying 
chromatophore may be advantageous in helping fish achieve various distinct 
color changes. 
Using scales, rather than an entire fish in our biosensor system was an 
important simplification and allowed a wide variety of chemical stimuli to be 
reproducibly characterized. However, an intact scale is still a complex tissue, 
containing several cell types including epidermal and neuronal cells as well as 
several other types of chromatophores, in addition to the melanophores being 
monitored. Thus, to try and further understand the system of scales (nerves, 
receptor types, spontaneous aggregation) and how they interact, the system was 
next simplified by removing the epidermal layer of cells and studying the 
reduced tissue for its activities. 50 
3. THE REDUCED TISSUE
 
3.1 Introduction 
Work with freshly isolated intact scales yielded information about the 
mechanism of how chromatophores respond and provided the basic principle on 
how chromatophores could be applied as biosensors based on their mobile 
reactivity due to externally applied stimuli. However, intact scale preparations 
have drawbacks. The epidermal layer of the intact scale reduces the sensitivity 
of chromatophores to some compounds since some compounds can not readily 
diffuse through the epidermal layer over the chromatophores. If simplified by 
removing the layer of skin that covers the melanophores, thereby eliminating a 
barrier that agents have to cross in order to evoke a response, the system may 
be more responsive. 
This chapter focuses on the mobility of pigment within chromatophores on 
scales when the epidermis is removed. The range of reactivity to various stimuli 
was reevaluated for response latency and activity. Data is presented showing 
that a reduced system is more responsive and sensitive to bioactive agents then 
freshly isolated preparations. 
3.2 Materials and Methods: Skinning of Isolated Scales 
Scales were removed from fish, using the procedure described previously, 
and placed in a 60 mm petri dish that contained "skinning" solution which was 
composed of 5.6 mM Glucose and 0.54 mM EDTA in phosphate buffered saline 51 
(the composition of PBS is: 137 mM NaCI, 2.7 mM KCI, 10 mM Na2HPO4, and 
1.8 mM KH2PO4 pH, 7.4). The dish was placed on a rotating shaker set at 
approximately 150 rpm, making sure that all scales were submerged and being 
agitated for 2 - 3 hours (which was determined by light microscopy to be enough 
time to remove the epidermal layer of skin that covers the scale). The scales 
were then removed from the skinning solution and placed into physiological 
saline solution (PSS), with the following composition: 128 mM NaCI, 2.7 mM 
KCI, 1.8 mM CaCl2, 1.8 mM MgCl2, 5.6 mM Glucose, 10 mM Tris-HCI, and 100 
units/mL penicillin and 100 ii.g/mL streptomycin (pen-strep), or into Complete 
Medium (CM) which contains RPMI 1640, Hepes, glutamine, and pen-strep. 
3.3 Results 
3.3.1 Can a second messenger be used to elicit a response in chromatophores? 
Skinning scales to remove the epidermal layer, allowed better access of 
chemicals to the chromatophores. This increased accessibility reduced 
response time and allowed a larger variety of compounds to evoke a response at 
lower concentrations. 
Since pigment translocation within the cell utilizes the cAMP signaling 
cascade (Fujii et al., 1986, Fujii and Miyashita, 1976, Novales and Fujii, 1970), it 
was of interest to know whether or not using a second messenger instead of 
external stimuli, such as norepinephrine or yohimbine, could promote an effect in 
melanophores. The presence of cyclic AMP should promote dispersion in 
melanophores and its degradation to AMP by a phosphodiesterase should 52 
promote aggregation. So, to test this hypothesis skinned scales were used. 
One micromolar norepinephrine was added to a scale that had been set up in 
the BES system to promote aggregation. The melanophores on the scale were 
allowed to aggregate to 0.2 on the chromatic index and then they were rinsed 
three times with PSS. A concentration of 3.33 mM dibutyryl cAMP was then 
added to the scale. After thirty minutes complete dispersion to 1.0 on the 
chromatic index was seen.  Interestingly, no response was observed with freshly 
plucked scales when treated with cAMP. Thus, in skinned scale preparations a 
second messenger analog is capable of evoking a response in melanophores. 
3.3.2 Dennervation 
Skinned scales were tested for innervation by treatment with media 
containing elevated levels of potassium ions. As mentioned in chapter 2, high 
potassium in freshly plucked scales causes immediate aggregation of 
melanophores. When added to high potassium media, melanophores on 
skinned scales exhibited no response and remained in their original dispersed 
state (1.0 on the chromatic index). The cells on the skinned scale did undergo a 
complete aggregation when the media was replaced with 1 1.1.A4 norepinephrine, 
indicating that they were still viable. These results suggest that skinned scales 
are incapable of undergoing spontaneous aggregation because they are either 
dennervated or nerves present are not functionally competent. 53 
3.3.3 Are sensory nerves present in skinned scales? 
Since skinned scales did not respond to high potassium, in contrast to 
intact scales (chapter 2),  it was important to determine if skinned preparations 
are reactive to capsaicin. Capsaicin desensitizes sensory neurons (Holzer, 
1991) and causes hollowing of melanophores in freshly isolated scales. When 
skinned scales were treated with 100 !AM capsaicin there were no observable 
effects, even after several hours of bathing in the stimulus. These findings 
complement the previous observations with high potassium and imply that 
skinned scales are devoid of responsive sensory nerve elements. 
3.3.4 Skinned scale responsiveness 
As a first test for the feasibility of using skinned scales as biosensors, 
pharmaceutical eye drops were used to evaluate melanophore responsiveness. 
It was found that a 400-fold dilution of the commercial product caused an 
immediate aggregation of melanophores. The two active ingredients in the eye 
drops, naphazoline, a vasoconstrictor and decongestant, and pheniramine, an 
antihistamine, were independently examined for their effect on melanophores. 
Naphazoline, an adrenergic agonist, was found to be responsible for the 
aggregation response observed with eye drops. Figure 3.1 showed that the 
minimum concentration of naphazoline that had an effective response of 
aggregation to 0.2 on the chromatic index was 10 ptM. An intermediate 
aggregation response to approximately 0.5 on the chromatic index was seen 
with a concentration of 1 1,1,M naphazoline. 54 
Figure 3.1: Response of skinned scales to naphazoline Scales were plucked 
from a Nile tilapia, skinned, and placed into PSS. The scales were clamped with 
100 nM yohimbine, to prevent aggregation, in a 24-well dish. They were then 
treated with the appropriate dilution of naphazoline. The scales were monitored 
at various time intervals fro changes in cell size. These values were converted 
to the chromatic index and plotted. 55 
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Pheniramine, the other active ingredient in eye drops, was found to 
cause dispersion in melanophores on skinned scales. Therefore, 
norepinephrine was used to aggregate melanophores prior to the addition of 
pheniramine. A maximal response (dispersal to 1.0 on the chromatic index) was 
seen with 1 mM pheniramine (Figure 3.2). There was no response with dilutions 
smaller than 100 I.LM pheniramine, however there was an intermediate response 
observed at this concentration. These results show that this system is sensitive 
to low concentrations of bioactive agents and can differentiate between multiple 
opposing stimuli. 
3.4 Discussion 
Experiments presented in this chapter have demonstrated that removal of 
the epidermis yields fully viable melanophores in the absence of nerves, thereby 
providing an additional simplification of the system. The removal of the 
epidermis also had the effect of dennervating scales. This dennervation 
prevented spontaneous aggregation from occurring in skinned preparations. 
Additionally, the preparation of skinned scales only took two hours, which 
is a significant improvement over other methods. Scales were ready for use in 
studies sooner than freshly plucked scales, where one must wait for 
spontaneous aggregation to occur and finish before long term study of agents 
can be accomplished. Other laboratories accomplished the same result of 
skinning and dennervation with a long term incubation prior to use (Miyata and 57 
Figure 3.2: Response of norepinephrine clamped skinned scales to 
pheniramine: Scales were plucked from a Nile tilapia, skinned, and placed into 
PSS. The scales were then clamped with 100 nM norepinephrine to promote 
aggregation in a 24-well dish. The appropriate dilution of pheniramine was 
added. Scales were observed for change in cell size at various time intervals. 
These values were then converted to the chromatic index. 58 
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Yamada, 1985) or by using chemically sympathectomized fish (Iga et al., 1987). 
Thus, this method is more rapid and gentle in comparison to other reported 
methods. 
Interestingly, the quivering action first observed in intact scales was also 
observed in skinned scale preparations with a cAMP analog. This implies that 
quivering is not due to nervous signals since dennervated scales still quiver. 
Instead, quivering could be competition for the second messenger pool in the 
signaling cascade, or by competing second messengers reaching different parts 
of the melanophores at alternating intervals when two different receptor types 
are occupied. 
Finally, the feasibility of using skinned scales as biosensors was 
successfully confirmed by testing commercially prepared eye drops. The 
aggregation observed was determined to be due to naphazoline, which could be 
detected down to 1 pM in contrast to the 12 pM of naphazoline in the eye drops 
when it was diluted 400 fold. Pheniramine, the other active ingredient in eye 
drops, could not be detected in conjunction with naphazoline. However, 
examining this chemical independently showed that it dispersed melanophores. 
So, there are some limitations in this system in that multiple chemicals can not 
be detected simultaneously. 
Further simplification of the system such as isolation and culture of 
chromatophores independent of scales could allow a greater range of 60 
interactions to be studied and broaden the scope of chromatophore use as 
biosensors. 61 
4. CHROMATIC RESPONSES OF ISOLATED CHROMATOPHORES 
4.1 Introduction 
The previously described work with chromatophores was performed with 
intact or reduced scale preparations.  Since reducing the complexity of intact 
scales by "skinning" resulted in increased responsiveness to a greater variety of 
compounds, methods were developed to culture chromatophores independent of 
the matrix of the scale. Separation of chromatophores from their native 
environment should make it possible to determine if cellular interactions are
 
occurring between various cell types by checking to see if any previously
 
observed phenomena are abolished.  Establishing cultures of chromatophores
 
with well-defined responses to various stimuli, should also make co-cultures of 
melanophores with other cell types feasible, and extend the useful range of this 
system. 
4.2 Materials and Methods 
4.2.1 Melanophore culture 
One fish was used for each isolation experiment. The fish were generally 
9  12 cm long. A specimen was chosen and killed in an ice cold deionized 
water bath (15 min.) that contained 100 units/mL penicillin and 100 gg/mL 
streptomycin (Gibco-BRL). The fish was then removed from the water bath and 
immersed in 70% ethanol for approximately 20 seconds. The ethanol was 
removed and the fish subsequently rinsed in Ca2+-and Mg2+- free phosphate ­62 
buffered saline (CMF-PBS). CMF-PBS is composed of 136.9 mM NaCI, 2.7 mM 
KCI, 8.1 mM Na2HPO4, and 1.5 mM KH2PO4 pH, 7.4. 
Keeping the fish moist in CMF-PBS, scales found above the lateral were 
plucked from both sides of the fish with a pair of fine tipped forceps and placed 
in a 20 mL Erlenmeyer flask which contained 5 mL of CMF-PBS. The tail fin was 
then removed along with the dorsal fin, using a pair of scissors. The removed 
fins were cut into small pieces and placed in the same flask as the plucked 
scales. 
The media was replaced with CMF-PBS at least five times before adding 
5 ml of a 0.02% EDTA in CMF-PBS solution to the scale and fin containing flask 
to remove excess debris. This preparation was then placed on a rotating orbit 
shaker (150 rpm) for fifteen minutes. The EDTA solution was removed and a 2.5 
mg/mL solution of collagenase (Class I  Worthington Chemicals) in CMF-PBS 
(0.2 micron sterile filtered) was added. The flask was placed on the orbit shaker 
for 30 minutes (150 rpm) to dissociate the chromatophores from the scales and 
fins. 
After 30 minutes the supernatant was decanted through a stainless steel 
sieve (Sigma Chemical 40 mesh screen size) placed over a funnel and into a 15 
mL conical tube. The mixture was centrifuged in an IEC clinical centrifuge for 
one minute. The supernatant was added back to the scale-and-fin containing 
flask and placed on the rotating shaker for an additional 30 minutes. The 
resulting pellet was resuspended in 1 mL of P/C media, Dulbecco's modified 63 
Eagles media with 5% fetal bovine serum and pen-strep added. P/C media has 
the following composition: RPM! 1640, 5% heat-inactivated horse serum, 5% 
fetal bovine serum, 100 units/mL penicillin, 100 jig/mL streptomycin, and 0.02 
mM Hepes buffer. The procedure was repeated four additional times until five 
pellets were obtained (Fujii et al., 1991). 
Pellets 1 and 2 were discarded because they ere found to be highly 
contaminated by epithelial cells and there were few viable cells. Pellets 3-5 
were combined and brought up in the desired medium (P/C or DME with FBS) to 
a final volume of 12 mL. The cell suspension was then plated onto coated (see 
text) 24-well dishes and allowed to plate over night at room temperature. The 
media were replaced after 24 hours and the harvested cells were used for 
various studies 48 hours after plating. 
4.2.2 Pharmacological studies using isolated chromatophores 
Isolated chromatophores were used to study pharmacological activity of 
various agents. Using a modification of the earlier described buffer exchange 
system (BES), tubing was attached to the dish and deposited into the well being 
monitored. This allowed removal of any buffer that was currently in a well without 
damaging the plated cells. Buffer was replaced by the use of a pipette. Activity 
was visualized by one of the procedures described earlier. 64 
4.2.3 Cerebellar culture 
Fish were killed by cold-immersion as described above. The brain was 
accessed by making an incision through the top of the cranium of the fish 
approximately 3-4 centimeters long from just above its mouth to the start of the 
dorsal fin using a scalpel. The brain was then exposed and the cerebellum was 
removed by making incisions, using surgical scissors, where the cerebellum 
connects to the spinal cord and just to the front of the cerebellum in order to 
separate it from the rest of the brain. 
The intact cerebellum was then rinsed in PSS, to remove excess blood 
and transferred to a 2.0 mg/mL solution of collagenase type IV in CMF-PBS 
(Worthington Chemical) that was previously sterile filtered (0.2 micron filter). 
The cerebellum was then sectioned by scissors into small pieces and placed on 
a rotating shaker (150 rpm) for approximately 90 minutes to allow complete 
dissociation. 
The solution was removed from the shaker and triturated through a P1000 
pipette tip (Rainin Pipetman) for one minute to further promote cellular 
dissociation. The dissociated cells in collagenase were transferred to a 15 mL 
conical tube and centrifuged in an IEC clinical centrifuge for 1 minute. The 
resulting pellet was resuspended in medium consisting of glutamine, 0.02 mM 
Hepes, pen-strep, and RPMI 1640. The cells were plated in 35 mm dishes and 
allowed to attach overnight. The media were replaced after 24 hours. After 48 65 
hours a subpopulation of cells began to extend processes, presumably neurites 
from cerebellar granule cells. 
4.3 Results 
4.3.1 Responses of isolated chromatophores 
4.3.1.1 Recovery of chromatophores from collagenase digestion 
Collagenase digestion of fish scales and fins gave high yields of 
chromatophores released from their basement membranes. However, not all of 
the cells that were freed were viable. Five pellets were collected during the 
isolation procedure. 
The first pellet was collected after thirty minutes of digestion. When 
observed under the microscope it was obvious that there were many cells that 
had lysed and that the number of living cells was minute. Twenty-four hours 
after plating, the number of cells that adhered to the dish was relatively small. 
Therefore, it was determined that this pellet should be discarded. Pellet two 
(collected after 60 minutes) still contained lysed cells but the number of viable 
cells increased to about 30 40%. After 24 hours, the number of cells that 
adhered to the dish significantly increased above pellet one, but cell attachment 
and survival was still fairly low. This pellet was generally discarded as well. 
Pellets three and four (collected after 90 and 120 minutes of collagenase 
treatment, respectively) had the highest survival rate. The number of lysed cells 
after the initial plating was markedly lower than found with either of the two 66 
preceding pellets (60 - 70% were viable). These pellets were generally 
combined and brought to the desired volume for the particular experiment before 
being plated. The resulting cells remained attached for one week (with regular 
media changes) before considerable lysis occurred. Pellet five was also 
harvested, but the number of scale fragments (remnants of collagenase digested 
scales) was large. The excess debris that accompanied pellet five was a 
deterrent in using it for experimental analysis. The excess debris that was found 
within any of the pellets was a hindrance in trying to study the pharmacological 
activity of the chromatophores as well as for setting up the cells as biosensors. 
4.3.1.2 Length of survival of isolated chromatophores 
Cell survival is of course necessary for the use of chromatophores as 
biosensors. Upon initial plating, a twenty-four hour equilibration period was 
necessary to screen for nonviable cells. Many cells did not survive past the first 
hours of plating. The cells that did survive were viable for as long as one to two 
weeks, with frequent media changes. The media needed to be changed 24 
hours after the initial plating and then it could be changed once every 48 hours 
to maintain healthy viable cells. Without the changes in media, cell survivability 
markedly decreased. Cells only survived for two to three days without fresh 
media and, died off at an exponential rate. 67 
4.3.1.3 Media requirements to maintain the viability of isolated 
chromatophores 
As mentioned, media changes were necessary for long term survivability 
of isolated cells. Also, chromatophores required an addition of 5% fetal bovine 
serum to plate efficiently. Serum was especially important in the initial hours 
after plating. Cells that were plated without serum did not adhere to the dish and 
died within 24 hours of plating. Cells plated with serum and that remained in 
serum were viable and adhered to the dish within 24 hours.  If serum was 
removed after 48 hours, the cells survived for two to three days before becoming 
unresponsive and lifting from the dish. The cells were incubated at room 
temperature (approximately 26°C) in a non-controlled environment (bench top). 
4.3.1.4 What causes isolated cells to lyse? 
While isolated cells can survive under optimized conditions for several 
days, the cells are not necessarily resistant to damaging external factors. For 
example, when performing pharmacological studies on isolated cells, a 24-well 
dish was used to plate the cells. Once the cells were established (24-48 hours 
after plating) they could be used experimentally. Polyethylene tubing was 
mounted onto the dish to allow the easy removal and flushing of cells with 
media. In some cases, the shear force of removing the liquid by this suction 
technique was sufficient cause for approximately 5-10% of the adhered cells to 
lyse. Also, dying cells that were lysed, lifted easily from the dish with only minor 
disturbances (i.e. media changes, or disturbing the dish). 68 
As noted above, cells isolated from their native matrix of the fins and 
scales become vulnerable to mechanical manipulations. Observations of this 
process revealed that the sheer force of liquid ruptures the membrane of the 
cell. This caused release of pigment organelles (chromatosomes) into the 
surrounding media. When most of the pigment was released, the dendritic arms 
of the cell detached from the dish. 
4.3.1.5 The response of isolated cells 
It was found that isolated melanophores were able to respond to 
norepinephrine and yohimbine, as well as to adenosine, serotonin, and 
naphazoline at the equivalent effective concentrations as those observed with 
skinned scales. Once the responsiveness of isolated melanophores was 
established, optimal conditions were sought to increase adherence of cells. 
4.3.1.6 Substrate Requirements of isolated Chromatophores 
Several substrates were used to optimize adherence of isolated 
chromatophores to polystyrene petri dishes; collagen I, collagen IV, fibronectin, 
polylysine, and a combination of fibronectin and collagen I were tested. No 
particular substrate appeared to promote adhesion of cells significantly better 
then any other, including untreated polystyrene. However, in the literature it has 
been reported that different substrates yield different complexities of 
melanophores (the number of dendrites formed) as well as affect the adhesion of 
the cells to the dish (Iwata et al., 1986). Our studies also yielded mixed 69 
complexities, but the adhesion of cells did not appear to be affected by varying 
the substrate. 
4.3.2 Co-culturing to reconstitute cell-cell communication 
For chromatophores to be useful as biosensors a next step was is to form 
artificial networks between chromatophores and other cell types. In the present 
study, efforts were made to build a network that contained both chromatophores 
and neurons. The most obvious choice for neurons would be an already 
established cell line. However, the difficulty with this option became apparent 
when the temperature differences required for growth of mammalian neuronal 
cell lines (37° C) and fish chromatophores (approximately 26°C) were compared. 
Thus, a most reasonable option is to use the same species as the source of 
primary neuronal cells and of chromatophores. 
To obtain neurons, the brain was digested with collagenase (Worthington 
type IV) as explained in detail in the Materials and Methods section. Several 
sections of brain were digested and plated. The only region of brain yielding an 
abundance of attached cells with extended neuron-like morphologies was the 
cerebellum. Cerebellar cultures required serum-free media, since if serum was 
present, the percent of cells that extended neurites markedly decreased to 
nearly zero. 
Co-culture of cerebellar cells with isolated chromatophores was difficult 
because of their differing media requirements (i.e. serum need by 
chromatophores, serum-free conditions needed by cerebellar cells). Several 70 
alternatives to serum were tried for both the chromatophores and neuronal cell 
lines but a media sufficient in promoting attachment and viability for both cell 
types was not found. Further investigation into the co-culture of these two 
differing cell types is needed, but the foundation has been laid for the 
establishment of chromatophore-neuronal biosensors. 
4.3.3 Usina the isolation procedure with other fish 
To ascertain whether or not our observations of in vitro chromatophore 
culture were unique to the Nile tilapia, another fish was tested. The Jewel 
cichlid was used as an alternate species to isolate the chromatophores. The 
same procedure that was adopted for the Nile tilapia was used with the Jewel 
cichlid. Chromatophore isolation was successful with this fish as well. The 
major differences between the Nile tilapia and the Jewel cichlid are that 
chromatophores isolated from the Jewel include an abundance of erythrophores 
in addition to melanophores, which are the most common chromatophore 
obtained from Nile tilapia. This is easily explainable, because the Jewel is 
mostly red in its external appearance as opposed to the Nile tilapia which is 
largely silver and black. Thus, the use of the procedures for chromatophore 
isolation were transferable between different species of fish with only slight 
modifications. One species of fish may be more useful then others depending 
on which chromatophores are of interest. 71 
4.4 Discussion 
Experiments in this chapter have shown that chromatophores can be 
successfully isolated from scales and fins of tilapia. The isolation procedure was 
optimized for survivability, media requirements, and substrate adherence. 
Isolated chromatophores respond similarly to skinned scales, though gentle 
mechanical procedures must be used when carrying out tests since cells 
independent of scales are fragile and lyse easily under shearing forces. 
The isolation procedure was extendible to a different fish, Jewel cichlid, 
enabling a variety of chromatophore types to be studied. Not only can 
melanophores be used as the primary bio-indicator, but erythrophores, 
iridophores, xanthophores, and leucophores may also be possibilities, 
depending on which fish is used for the experiment. 
In addition, attempts were made to establish co-cultures of 
chromatophores with mammalian neuronal cells, but temperature requirements 
differed. So, fish brain was used as a source of neuronal cells in co-culturing 
attempts, but the main difficulty in achieving a functional coupling between 
neurons and chromatophores was in the differing media requirements of these 
cells. 
With isolated chromatophores, the possibility of developing an 
established cell line becomes plausible. As of now, the chromatophore cultures 
are primary cultures. The chromatophores have not been shown to divide in 
culture and, thus, the process of obtaining the primary culture is time consuming. 72 
Some fish, such as Xiphophorus helleri, a sword tail, have been shown to have 
chromatophoromas. A chromatophoroma is a tumorous growth of 
chromatophores on the fish and are the most probable target for establishing a 
continuous cell line. 
The establishment of a chromatophore cell line would enable the more 
thorough study of the chromatophores as well as having them available in high 
enough numbers for their use as biosensors. When we can establish neuronal 
co-cultures it will be desirable to have high numbers of chromatophores as well 
as neurons in each dish. The higher yield will increase the reproducibility of 
many experiments. 73 
5. CONCLUSION 
The studies in this thesis have established that chromatophores from 
scales of Nile tilapia can be used as biosensors. Conditions enabling the 
simplification of the system were developed and optimized, facilitating the 
analysis of melanophore responsiveness to bioactive agents under several 
different conditions. 
Observations with freshly isolated intact scales revealed the occurrence 
of the phenomenon known as spontaneous aggregation. Work with elevated 
potassium ion, yohimbine, and guanethidine suggest that spontaneous 
aggregation is a result of scale innervation and the release of an endogenous 
neurotransmitter, norepinephrine, from nerve endings. 
Capsaicin prevents spontaneous aggregation, and in addition, causes 
hole formation in melanophores of freshly isolated intact scales. This novel 
observation is an indication that scales are also innervated by sensory nerves. 
The formation of holes that occurs when intact scales are treated with capsaicin 
may be an alternative mode that pigment can occupy, which furthers the ability 
of fish to change their colors by revealing other underlying chromatophores. 
Spontaneous aggregation and hole formation are both completely abolished in 
skinned scale preparations additionally supporting innervation in Nile tilapia 
scales. 
Quivering, another observed phenomenon, was found to be unrelated to 
spontaneous aggregation since it was observed in both intact and skinned 74 
scales. Thus, quivering may be due to second messenger competition or to 
competition between opposing second messengers reaching different parts of 
chromatophores at different times. The uniform pulsation between neighboring 
melanophores in freshly isolated intact scales, observed in conjunction with 
quivering, may be an indication of cell-cell signaling within the scale. 
In the course of developing a simplified biosensor system, several types 
of chemical compounds were used to calibrate the responsiveness of 
melanophores to these stimuli. In general, melanophores on skinned scales 
were more sensitive to low concentrations of bioactive agents then intact 
preparations, while skinned scale melanophores and isolated melanophores 
were about equally sensitive. 
Overall, melanophores have been shown to be well-behaved in their 
response to various classes of compounds. For example, adrenergic agonists, 
such as norepinephrine and naphazoline, yielded an aggregation response of 
melanophores. Adrenergic antagonists such as yohimbine and phentolamine 
yielded the expected response of melanophore dispersion. In addition, a second 
messenger can be added to melanophores and cause an expected response. 
This was shown by the addition of a cyclic AMP analog to melanophores. 
A direct test of using skinned scales as biosensors was done with various 
dilutions of eye drops. Our results demonstrate that melanophores are sensitive 
to low concentrations of bioactive agents, but have difficulty interpreting 
responses to opposing stimuli when simultaneously stimulated. 75 
These studies represent first steps in the development of chromatophore 
based biosensors and in proving principles that will be the foundations of such 
sensors. As such, several of the obstacles encountered during the course of 
this study will need to be overcome to bring this concept to fruition. Specifically, 
media conditions must be developed to allow co-cultures of differing cell types, 
such as neuronal cells with chromatophores. Successful accomplishment of this 
objective could significantly broaden the class of bioactive agents detectable by 
chromatophores (i.e. neuro-specific agents). 76 
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A 1 ABSTRACT 
The activities of fish chromatophores, the colorful living cells in the skin 
and scales of fish, were tested for their suitability as optically interfaced, 
digitally processed biosensors of the chemical environment.  Norepinephrine 
was used as a model bioactive chemical agent to initiate the chromatic 
response in melanophores, which are the black-pigmented variety of 
chromatophores. The melanophore response consisted of movements of 
cellular pigment toward the center of the cell. This chromatic activity yielded 
high-contrast video images that were well-suited to digital image processing. 
The two automated processing protocols that were found to be most useful in 
measuring cellular changes over the nonchanging background involved a) 
subtraction of the final image in a time-lapsed sequence of images, and b) 
subtraction of adjacent images in an image sequence. Further enhancement 
of melanophore images was obtained by pixel averaging. Finally, pixel-
counting routines were used to quantify changes in the area, perimeter, and 
circularity of the melanophores.  These automated and completely objective 
measurements compared favorably with manual measurements and were 
excellent indicators of the changing chromatic status of the cell. 
A 2 INTRODUCTION 
One of the promises of biosensor research is the development of 
devices that can report the presence in the environment of agents which are 
detrimental to living organisms. Living cells could conceivably serve as the 
heart of such biosensors since they are naturally equipped with the many 
biochemical entities that are the targets of harmful agents (Byfield and 
Abuknesha, 1994; Gross, et al., 1995; Hickman and Stenger, 1994; Kowtha, et 82 
al., 1993; Wijesuriya and Rechnitz, 1993). A general engineering problem is 
the manner of interfacing the activities of living cells to instrumentation which 
can amplify and evaluate the often weak signals emanating from cells. This 
problem is exacerbated by the delicate nature of living cells and their fastidious 
requirements in terms of temperature, culture medium, and nature of the 
culture surface. While there have been successes in the interfacing of cells to 
instrumentation via electrical and electrochemical surface probes, these 
methods have the drawback of involving the cell with a potentially perturbing 
surface. Other less invasive avenues of interfacing cells to instrumentation 
would therefore be helpful. 
A general concept that may help to fill this technological impasse is the 
optical monitoring of cellular activities.  Optical methods such as 
spectrophotometry and microscopy are relatively noninvasive since most cells 
can withstand examination by photon fluxes so long as the wavelengths and 
intensities are kept in nondamaging ranges. Light signals also have the 
advantage of being easily amplified. Unfortunately, the majority of cells do not 
absorb the visible- and near-visible wavelengths of light that are most 
convenient to employ in instrumentation constructed from standard elements 
such as lenses, cuvettes and fiber optics.  It is possible to apply various types 
of dyes to cells so that certain facets of their activity become optically 
observable. Thus, membrane potential-sensitive dyes and ion-sensitive fluors 
are successfully used to report on the respective cellular activity (Giuliano and 
Taylor, 1995; Saggau, 1994; Yuste, 1994). However, the use of dyes is again 
an invasive procedure with technological drawbacks. 
A possible solution may be offered by nature in the form of naturally 
pigmented cells that undergo chromatic changes in  response to environmental 83 
stimuli  (Fujii, 1993a; Fujii, 1993b).  This approach holds promise because 
biologists and physiologists have already demonstrated numerous chromatic 
activities in living pigmented cells that can be influenced by toxins and other 
bioactive agents  .  In particular, the pigmented cells that give fish their myriad 
colors, the chromatophores, seem to present an ideal means of detecting 
environmental agents via optical methods (Elwing, et al., 1990; Karlsson, et al., 
1991). To pursue these ideas we have chosen as a model system the black-
pigmented cells (melanophores) of the Nile tilapia, a common food fish (Fujii, 
et al., 1992; Oshima, et al., 1990). As with other species of fish, the 
melanophores of tilapia are large dendritic cells whose black color is due to 
the presence in the cytoplasm of melanin-containing organelles 
(melanosomes). Aggregation of melanosomes toward the center of the cell via 
movements along the microtubule network of the cell produces an overall 
lightened effect which is responsible for the blanching of fish in response to 
fright and other behavioral stimuli  Agents such as catecholamines produce . 
this effect in vitro.  Conversely, dispersal of melanosomes toward the cell 
periphery produces overall darkening. 
The human eye is adept at detecting chromatic activities of magnified 
melanophores, and several subjective indices have been used over the years 
as a simple means of quantifying activity (e.g.Parker, 1948). The averaged 
chromatic activities of populations of many melanophores can also be 
measured by spectrophotometry and this averaged signal is a more objective 
means of quantifying chromatic activity (Burton and O'Driscoll, 1992; 
Grundstrom, et al., 1988; Oshima and Fujii, 1984).  In this report we have asked 
how the lightening and darkening of melanophores might be interfaced to 84 
digital electronics as a still more powerful means of measuring chromatic 
activity of these cells. 
A 3 EXPERIMENTAL PROCEDURES 
A 3.1  Melanophores and chemical agents Specimens of Nile tilapia 
(Oreochromis niloticus) were obtained from Dr. Carl Schreck's laboratory 
(Department of Fisheries and Wildlife, Oregon State University). The 
specimens used in this study were 5 months old  (8-10 cm length). Scales 
were obtained by capturing a fish in a net and then plucking several scales 
(typically 5-10) from various locations on the flank with a pair of fine-tipped 
stainless steel forceps. The scales were immediately placed into 
physiological saline solution, and the fish was returned to the tank. The 
operation was complete within about 1 minute. Physiological saline solution 
(PSS) was (in mM) NaCI  128, KCI 2.7, CaCl2  1.8, MgCl2  1.8, D-glucose 5.6, 
Tris -HCI 10, pH 7.2 .  Norepinephrine, dibutyryl cyclic AMP, and yohimbine (all 
from Sigma) were diluted into PSS from stock solutions prepared in water. 
A 3.2 Test chamber Scales were mounted so that they were stationary 
throughout an experiment.  A  pair of forceps was bent into a shape so that the 
scale could be held flat against the optically transparent bottom of the chamber. 
The chamber was constructed by gluing a polystyrene cylinder (1.2 cm i.d., 0.3 
cm height) to a polystyrene petri dish, using methyl ethyl ketone as the 
adhesive. The top of the chamber was open. Polyethylene tubing  (Intramedic) 
was used to deliver and remove fluid from the chamber. Fluid transfer  was 
accomplished in about one second by rapidly suctioning off the old medium 
and immediately replacing it with new medium. Three such  washes were 85 
used in applying stimulating agents to ensure complete replacement of old 
medium with new medium. 
A 3.3 Microscopy. The microscope was a Photo Zoom inverted microscope 
(Cambridge Instruments, Cat.No. 31-29-14), configured with tungsten 
illumination (35W equipped with a Plan 10X Phase objective lens (0.2 N.A.), 2X­
Zoom magnification after the objective lens, and camera phototube with a 
camera focusing lens. Transmission light optics were employed, without a 
phase ring. For videotaping, a camcorder (Sony CCD-FX630) with a 12X-zoom 
feature was mounted onto the camera phototube, and the microscope zoom 
and the camcorder zoom were set so that the recorded field of view was 50- to 
100-microns. Video was recorded onto 8mm tape. 
A 3.4 Image digitization and analysis The frame grabber board in a Macintosh 
Centris 660AV was used to convert color frames from the 8mm videotape into 
256-grayscale digitized images, each comprised of about 80,000 pixels. An 
internet discussion of the limitations of this frame grabber board for scientific 
research is available at ftp://zippy.nimh.nih.gov/pubinih­
image/documents/av_digitizer.txt. Briefly, video digitization by this computer 
architecture includes an automatic gain control which cannot be disabled; 
also, the image brightness levels are electronically interpolated from an 
effective grayscale of 176 levels to 220 levels. These features defeat the 
linearity of low contrast images and make this board unsuited for low contrast 
densitometry. However, the very high contrast of melanophores enables this 
electronic architecture to be effectively used for measuring the shapes of 
melanophores. 86 
Image analysis was accomplished with the help of the public domain 
software package NIH Image (v. 1.55). Images were manipulated as 75 kbyte 
TIFF files. Computer algorithms that were used to transform pixel values 
included a) 2-fold increases in image size (to 150 kbytes) by bilinear pixel 
extrapolation; b) image math using pixel-by-pixel calculations to accomplish 
image subtraction and image averaging; and c) noise reduction by pixel 
averaging in which each pixel was assigned the average gray-value of its 5 x 5 
neighborhood. Image objects that were above background gray-density were 
then measured for their area and perimeter. Perimeters of image objects were 
calculated by adding a value of 1 for each edge pixel and the square root of two 
for each corner pixel. Areas were measured by summing the number of pixels 
in an image object. 
A 4 RESULTS 
A 4.1 The nature of the melanoohore response 
Microscopic images of fish scales exhibit many structural features. 
These include melanophores which are easily recognized by human observers 
by their large dendritic shapes, as well as a baroquely patterned mineralized 
matrix on which the living cells are positioned (Figure 1A).  Bioactive agents 
such as norepinephrine can induce chromatic changes in melanophores, and 
time-lapsed capture of gray-scale digitized images was found to be a powerful 
means of collecting and storing the chromatic activities of the pure-gray 
melanophores. Other chromatophores of different colors  are better observed 
by color image collection, including yellow xanthophores, red erythrophores, 
and iridophores with their many interference colors. However, the additional 87 
complexities of color image processing made it best to restrict initial studies to 
the simpler situation of gray-scale melanophores. 
Depending on the strength of the stimulus, the chromatic response of 
melanophores can shift in as little as a few seconds, or as long as many 
minutes. For the following studies the stimuli were selected  so that 
melanophore responses occurred over periods of a few minutes. For example, 
image capture every 45 seconds upon exposure to 1µM norepinephrine 
produced a nine-frame video sequence of a single melanophore that conveys 
well the initially dispersed state of the cell, the intermediate states, and the final 
aggregated state (Figure 1A). 
A 4.2 Recoanizing the complex shapes of active melanophores by diaitizinq 
their approach to a final simple shape. 
A little experience makes it an easy matter for a human observer to 
distinguish the areas of microscope images that are part of the melanophore 
versus the areas that are part of the matrix of the fish scale. However, we could 
find no simple computer algorithm that traces the highly complicated shapes 
and extents of melanophores in unenhanced images with low error. 
Fortunately, the pigment motions induced by agents such  as norepinephrine 
provide a motion-based means of distinguishing the melanophore from its 
background.  One protocol we used to detect pigment motions was subtraction 
of the final image in the sequence. By this protocol, the only human input 
involved selection of the relatively simple, dark contiguous area of the 
aggregated melanophore in the final frame of the video sequence. This central 
area was masked with the average background shade of gray, and the masked 
image was then subtracted from all other images in the video sequence. 88 
Masking ensured that in the subtracted images there would be a gray value 
above zero in the center of the melanophore. As hoped for, image subtraction 
resulted in frames that were devoid of most of the unchanging features in the 
microscopic field and which made obvious the structural details of the 
melanophore (Figure 1B). A large amount of noise also remained in the 
subtracted images, however, probably as a result of slight perturbations 
caused by microscope movements (jiggling), fluctuations in incident light 
levels, and refractive index ripples due to wave-like migrations of transparent 
keratocytes (skin cells) in the matrix. Several avenues of digital noise reduction 
were tested, and the most successful was image filtration that converted each 
pixel to the mean value of its 5 x 5 neighborhood (Figure 1C). 
Images resulting from the processing just described have the potential 
of being true representations of pigmented shapes because the pigmented 
areas of the actual cell have very large color contrast above background. 
Indeed, manually assisted tracing of the pigmented zones with all of the 
benefits of human decision-making yielded images that were not much 
different from those obtained by automated frame subtraction and noise 
reduction. These manual corrections (not shown) consisted mainly of 
removing small noisy features that were obviously not features of the 
melanophore but that were too large to have been removed by automated 5 X 5 
neighborhood filtering. 
The reason for this successful automated scoring of pigmented  zones is 
the fact that digitization methods can readily detect the steep density gradations 
associated with high contrast images such as melanophores. Beyond this, 
though, the pixel densities associated with these subtracted and filtered 
images should be considered as only rough approximations of the actual 89 
optical density of cellular pigment since our image densities have not been 
calibrated, and since nonlinear image capture was inherent to our camera and 
digitization equipment (see Experimental Procedures).  Therefore, in further 
quantifying these results, the gray-level variations in pigment density were 
ignored.  Instead, the goal was quantitation of high-contrast pigment shapes 
so that numerical measurements could be assigned to the chromatic activity of 
the cell. The area and perimeter of pigmented zones were measured by 
spatial calibrations and pixel-counting (Table 1).  Both the area and perimeter 
measurements decreased steeply over time. The automated measurements 
were in good agreement with manual measurements (Table 1).  A 
dimensionless circularity index based on area and perimeter was also 
calculated and was a robust signature of aggregation, decreasing by a factor of 
29 during the 360 second time course of pigment aggregation. 
A 4.3 Motion detection by measuring incremental changes in pigmentation. 
A variation of the above method is to detect motion of pigment between 
adjacent time points in an image sequence rather than in reference to a final 
state. This method is akin to taking the first derivative with respect to time of a 
video sequence, yielding a series of differences. As a test of this approach, we 
produced time-lapsed digital images with an 80 second period of a 
microscopic field containing several melanophores on a fish scale (Figure 2A). 
To help suppress noise, each of these images was an average of 4 frames 
captured at 20 second intervals. The melanophores had been stimulated in 
succession with a) norepinephrine, which caused pigment aggregation as 
expected, b) a cell-permeable derivative of cAMP, which had no obvious effect 
on the melanophores though caused dispersal at higher concentrations (not 
shown); and c) an alkaloid antagonist of norepinephrine, yohimbine, which 90 
caused dispersion of pigment and an approximate restoration of the original 
appearance of the melanophores. 
To detect pigment motions, differences were taken by subtracting the 
even-numbered images from their preceding odd-numbered frame (Figure 2B). 
This procedure resulted in a halving of the number of images. For example, 
subtraction of the first pair of images in Figure 2A yielded the first image in 
Figure 2B. This image is a record of the changes that took place upon 
exposure of the melanophores to norepinephrine; the general outline of the 
melanophores is visible as a white dendritic pattern, and the center of the 
melanophores are dark gray. This dual-color appearance is the result of 
pigment evacuation from the dendritic arms (leaving a white trace in the 
differential), and pigment aggregation toward the center (leading to a darkening 
in the differential). The second and third images of Figure 2B show few density 
fluctuations, corresponding to the observation that the cAMP analog did not 
induce any chromatic changes in the melanophores. The fourth image, 
corresponding to the pigment dispersal induced by yohimbine, portrays the 
darkening of the dendritic arms by advancing pigment. The last two frames of 
Figure 2B indicate that pigment continued to flow for several more minutes 
from the center of the cell (light in the differential) toward the peripheral ends of 
the dendrites (dark in the differential). 
These differential images are informative but are fairly complex, 
especially for purposes of automated analyses. One way of simplifying these 
differentials is to reduce the number of shades of gray to only three in 
describing features that darken, lighten, or remain constant (Figure 2C). 
Quantitation of these three shades can then serve as a numerical indicator of 
the areas of increasing pigmentation (pure black) and decreasing 91 
pigmentation (pure white) (Table 2). Other useful indices can be derived: A 
parameter indicating absolute chromatic activity (black plus white, Table 2) 
summarizes the total pigment change regardless of direction and may be 
usefully applied to identify cases where there is not a net change in color 
density even though there is a significant change in absolute chromatic activity. 
Normalized indices, such as the ratio of increasing to absolute chromatic 
activity (black divided by black plus white, Table 2) may be useful for comparing 
images from one experiment to another. 
A 5 DISCUSSION 
As shown here, digital video microscopy is a powerful tool for quantifying 
the chromatic activities of melanophores. This approach offers several 
advantages, the first of which is automated data collection. The need for 
subjective scoring of individual cells is no longer essential for the description of 
chromatic activities of individual cells. The objectivity of data collection will 
diminish the fatigue factor and other biases that can arise if there is a reliance 
on human judgment calls. 
Second, digitization is a marked improvement in sampling because of 
its versatility for purposes of data processing and interpretation. The ease by 
which hard numbers can now be attached to the physical attributes of 
chromatophores will increase the number of facets of cellular chromatic activity 
that can be effectively studied. For example, methods employing the simple 
colorimetric detection of chromatic activity in populations of melanophores have 
utility but are insensitive to situations in which darkening is counterbalanced by 
lightening.  Digital methods can readily quantify concurrent and opposed 
pigment changes (e.g. Table 2). 92 
Third, the rapidly advancing technology of digital computation is now 
interfaced in a noninvasive manner to the complex activities of cells. As a 
bonus, the speed of the electronics greatly outpaces the chromatic activities of 
the cells, and so lengthy duty cycles of data storage and computation are 
possible in the time intervals between image capture. On the practical side 
this means that digital image capture and image storage can be managed with 
low budget computer systems. The lengthy duty cycles also mean that real-
time image analysis is achievable.  The digital output is available quickly 
enough so that the design of an experiment can be adjusted midway. Indeed, 
the operation of the equipment used to stimulate the cells with various 
chemical agents can even be placed under feedback control based on the 
ongoing analysis of cellular activity.  All of these factors should help to push 
this system toward useful purposes in sensing and responding to the 
environment. 
The list of agents to which chromatophores can respond is lengthy and 
is steadily growing. Norepinephrine, as one of the most studied hormones 
and neurotransmitters, is a good choice for benchmarking the activities of 
melanophores (Burton and O'Driscoll, 1992; Elwing, et al., 1990). 
Norepinephrine stimulates these cells via the a2-adrenergic receptor 
(Karlsson, et al., 1988), a receptor that is shared by smooth muscle cells. 
Indeed, a Rosetta stone for future investigations may be the parallel that exists 
between smooth muscle and melanophores.  In the case of smooth muscle 
cells, such as those in the walls of blood vessels, norepinephrine stimulation 
of the a2-adrenergic receptor causes muscle contraction. Agents such as 
yohimbine (historically used as an aphrodisiac) relax smooth muscle and 
often cause dispersion of melanophores (Fernando and Grove, 1974a; 93 
Fernando and Grove, 1974b; Grove, 1969). It is likely that many other agents 
involved in pharmacological contraction or relaxation of smooth muscle can be 
profitably assayed and characterized via their digitally monitored activities 
toward melanophores. 
Beyond the melanophore, the skin and scales of fish are populated by 
several other types of chromatophores that can be expected to exhibit their own 
spectrum of pharmacological responsiveness. The inclusion of colored filters 
on the microscope or the digitization of color images might therefore be fruitful 
directions in the further technological development of chromatophore-based 
biosensors. Digital measurements of secondary interactions involving the 
nervous stimulation of chromatophore activity (Svensson, et al., 1989; Yamada, 
et al., 1984), would expand the capabilities of the biosensor by including the 
many physiological targets in the nervous system. Other types of cells might 
also be included in a mixed culture system, with the chromatophores serving 
as reporters of agents sensed by the other cells. A large number of 
modifications and improvements can thus be envisioned for chromatophore­
based biosensors. 94 
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Table 1: Area, perimeter and circularity of features in processed images. 
Automated measurementsa  Manual measurementsb 
Time  &ea  Perimeter  Circularity  Area.  Perimeter  Circularity 
Frame  c  c 
(square  (microns)  (square  (microns)
(seconds)  microns)  microns) 
0  591  1288  253  537  1154  239 
45  564  1141  226  519  1019  210 
90  349  698  129  356  753  161 
135  231  445  88.8  242  510  122 
180  199  366  75.2  192  366  88.6 
225  167  308  61.7  148  255  55.6 
270  113  147  19.3  115  162  27.9 
315  98  113  10.4  99  117  12.3 
360  90  99  8.7  90  99  8.7 
a Based on measurements of images in Figure 1C. 
b Based on measurements in which manual decision making was used to 
select the features associated with the melanophores. 
c Circularity = 1/4p Perimeter2/Area. 98 
Table 2:  Differential increases and decreases in pigmentation in a field of 
melanophores. 
Frame  Area of  Area of  Absolute  Ratio of 
differential  increasing  decreasing  pigment  increased 
(minutes) 
pigmentation  pigmentation  change  pigmentation 
to the 
(square  (square  (square  absolute 
microns)  microns)  microns)  change 
1 to 2  132  890  1022  0.13 
3 to 4  19.7  47.0  66.7  0.30 
5 to 6  7.2  246  253  0.03 
7 to 8  1107  207  1314  0.84 
9 to 10  18.4  105  123  0.15 
11 to 12  9.8  78.1  87.9  0.11 99 
FIGURE LEGENDS
 
Figure 1: Chromatic changes in a single melanophore upon exposure to 1 111V1 
norebinebhrine just prior to frame 1. 
A. Gray-level microscope images captured 45 seconds apart, in sequence 
from upper-left to lower-right.  The white bar in the lower-right corner of the 
first image represents a length of 10 microns. 
B. Result of subtracting the lower-right image. Subtraction was scaled so 
that pixel differences landed on a scale of 0 (white) to 255 (black). 
C. Result of applying noise-reduction via pixel averaging. 100 
Figure 2: Chromatic changes in a field of several melanophores upon 
successive exposure to 1 i.i,M norepinephrine (frame 1), 0.1 mM dibutyryl cyclic 
AMP (frame 5). and 100 _AM yohimbine (frame 8). 
A. Gray-level images produced at 80 second intervals. Each image is the 
average of four frames collected at 20 second intervals. The white bar in the 
lower-right corner of the first image represents a length of 10 microns. 
B. Result of subtracting adjacent frames. Pixel values resulting from the 
subtraction were scaled (0 to 255) such that lower values correspond to 
image areas that became lighter from one frame to the next. 
C. Result of noise reduction and reduction to 3-levels of gray. The three-
levels describe large-threshold chromatic changes occurring from one 
frame to the next. White, black, and gray correspond respectively to 
lightened areas, darkened areas, and constant areas. I
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